Neutrino interactions with nuclei have been the subject of intense interest over the last 15 years.
Neutrino interactions in the medium energy 0.1-10 GeV range are of great interest to a variety of physics programs 1 . In particular, accelerator neutrino oscillation experiments use intense beams of predominantly muon neutrinos or anti-neutrinos, sent over short (km) or long (hundreds of km) distances in order to measure non-standard or three-flavor oscillations [2] . In these experiments, neutrino oscillations are inferred from flavor transitions between the source and detector, either by measuring the disappearance of muon (anti-)neutrinos, or the appearance of electron (anti-)neutrinos. In a disappearance measurement, a deficit of muon (anti-)neutrinos is observed, due to oscillations to electron or tau flavor.
In an electron (anti-)neutrino appearance search, an excess of electron-like candidates is observed over background. The determination of the neutrino mass ordering and search for CP violation is possible by comparing neutrino and antineutrino oscillation rates in both modes.
Experiments cannot measure the oscillation probability directly, instead, it is inferred from the charged-current (CC, ν ( -) l + A → l −(+) + X) and neutral-current (NC,
l + X) event rates, which can generically be expressed as
where R( x) is the total event rate for all processes as a function of the reconstructed kinematic variables x, Φ ν (E ν ) is the neutrino flux as a function of the neutrino energy E ν , σ i is the neutrino cross section for a particular mode, is the detector efficiency and N j is the number of target nuclei in the detector fiducial volume for target type j. To infer the oscillation probability from the event rate, it is necessary to construct an estimator for the neutrino energy from the measurable quantities in the detector, the reconstructed kinematic variables, x, and particle composition of the final state. This implicitly relies on the cross section σ i (E ν , x), which is why the cross section model has such a central importance for neutrino oscillation experiments. experiment off-axis near detector (ND) [3] , NOvA ND [4] , and MINERvA (Low Energy configuration only [5] ). One future program, DUNE [6] , is shown; the HK flux is very similar to the T2K ND off-axis flux. Also overlaid are the total CC cross section divided by energy, according to the GENIE 2.12.8 reference model (described in Appendix A).
the flavor of the charged lepton produced, the charge of which also distinguishes neutrinos from anti-neutrinos. The main contributions to the CC cross section for the GENIE 2.12.8 reference model used throughout this review are also shown. The reference model is described in Appendix A, and is an up to date Monte Carlo simulation used widely in the field. At low E ν 1 GeV, the cross section is dominated by the lowest energy transfer process, charged-current quasi-elastic (CCQE) scattering ( ν ( -) l + A → l −(+) + A + p(n)), which is also called single nucleon knock-out, or 1p1h (one particle, one hole). There are also significant contributions from multiple-nucleon knock-out (2p2h), where the interaction is with more than one nucleon in the nucleus (ν l + A(n, p) → l − + A + p + p and ν l + A(n, p) → l + +A +n+n 2 ). At higher energy transfers, nucleon resonances (RES) can be excited, which decay to produce pions and nucleons in the final state ( ν ( -) l +N → ν ( -) l +N +π +/−/0 ). At large energy transfers, the interaction is with a constituent quark within the nucleon, the so-called deep inelastic scattering (DIS) region. DIS is well understood, and dominates for E ν 10
GeV. The transition between these different interaction modes is a significant challenge to model because of the change in the underlying physical assumptions between them. Figure 1 also shows the neutrino flux distributions for current and planned long baseline oscillation experiments T2K (also Hyper-K), NOvA, and DUNE. It is clear that the fluxes for these experiments include all of these processes, including the difficult transition region.
In addition to the broad neutrino flux, the choice of target material is important for understanding neutrino interactions relevant for oscillation programs. Neutrino experiments use medium to heavy nuclei, including carbon, water, and argon, as interaction targets. As these have a higher cross section than hydrogen, this choice boosts event rates for, typically statistics limited, oscillation experiments. However, interactions on any target material that
is not hydrogen will also include nuclear effects. Measuring neutrino interactions on nuclear targets convolves single nucleon uncertainties with significant uncertainties related to the nucleus. These nuclear effects include initial-state interactions between nucleons, as well as final-state interactions (FSI) between outgoing hadrons and the residual nucleus.
Neutrino interaction uncertainties are currently one of the largest sources of systematic uncertainty for operating experiments. As an example, the T2K experiment's largest source of systematic uncertainty on the ν e -appearance rate in an initially ν µ dominated beam come from cross section related uncertainties. The total fractional uncertainty is 5.4%, with 3.9% from the interaction model, with comparable uncertainties on ν e -appearance rates [7] . Bias in the determination oscillation parameters is possible due to mis-modeling of neutrino interactions, as has been demonstrated by multiple groups [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Exotic physics searches are also accessible with accelerator-produced neutrino beams.
Searches for "sterile" neutrinos, neutrinos which do not couple to the weak force, use accelerator neutrino beams, and detectors close to the neutrino production point to search for oscillation inconsistent with three flavors [2] . Sterile neutrino appearance and disappearance searches are similar to the three-flavor case, but may have larger backgrounds due to a smaller oscillation probability. NC interactions are also used as the signal channel for exotic physics. In NC disappearance searches, the presence of sterile neutrinos would reduce the composition of the final state for 2p2h.
observed number of active neutrinos determined from NC interactions [19] . Other exotic physics which use NC events as signal are searches for sub-GeV dark matter particles production, visible as an excess of neutrino NC-like interactions [20] . These kinds of analyses rely on a prediction for what NC interactions look like in the detector to characterize the signal.
Searches for proton decay, which is predicted by Grand Unified Theories (GUTs) [2] , also rely on a good understanding of neutrino cross sections, as atmospheric neutrino interactions can mimic proton decay signatures, and are the dominant background. The simplest GUTs predict p → e + π 0 to be the dominant proton decay channel. For free protons at rest, the signal is a back-to-back positron and π 0 , but the energy and angle of the decay products are smeared by initial-state nucleon momentum in a bound nucleus, as well as by FSI. Neutrinos can also produce an electron and pion in a detector ν e n → e − pπ 0 , where the electron and pion can conspire to give an invariant mass near that of a proton. In Super-Kamiokande (SK), which has the most stringent experimental limits on proton decay for this channel and in general [21, 22] , this is indistinguishable from signal as SK has a high threshold to detect protons and cannot distinguish electrons from positrons. Another important decay channel is p → K +ν , which is favored by supersymmetric GUTs. Since the outgoing neutrino is not observed, the signal is a single kaon, possibly with a de-excitation photon from the residual nucleus. Neutral-current neutrino production of
+ , also has the same signature in SK. Due to the unique nature of the proton decay signal, typical background rates from atmospheric neutrinos are on the order of a few events per Megaton year. Neutrino interactions processes contributing to proton decay backgrounds are very rare, or have very limited phase space relevant for proton decay. Thus, it is important to consider not only the uncertainty on the rate of the underlying interaction process that contributes to the proton decay background, but also uncertainties on the shape, for example in kinematics that affect the invariant mass reconstruction.
Over the last decade, an numerous neutrino scattering measurements have been made with neutrino and antineutrino beams on a range of nuclear targets. Table I summarizes recent and planned experiments, including the choice of target material, beam properties and detection methods. Progress in the field has resulted in improved understanding of experimental techniques and new measurements. In Section II, we give an overview of how neutrino cross-section measurements are generally made, and discuss how these methods can lead to a hidden reliance on the Monte Carlo model used to simulate the experiment during the analysis. Then we go on to give an overview of the available neutrino-nucleus scattering data, and discuss the compatibility of different datasets with each other and with theoretical models. We note there is an important, vibrant program in model development from theory and experimental groups [23] [24] [25] [26] [27] , not discussed here, but which facilitates the comparisons and discussion in this work. In Sections III and IV we describe QE-like and single pion production measurements respectively. Rare processes are described in Section V and inclusive measurements are discussed in Section VI. We make extensive use of a reference theoretical model to facilitate comparisons to data, which is described in Appendix A. Finally, we discuss expected future results and experiments in Section VII, and present a summary in Section VIII.
II. MAKING NEUTRINO INTERACTION MEASUREMENTS
A. What can we measure?
Cross section measurements are extracted from the event rate measured in a detector, and rearranging Equation 1. Generally they are made close to the neutrino production point, where P (ν A → ν B ) = 0, and oscillations can be neglected. Unfortunately, we cannot observe interaction level processes on nucleons. After a neutrino interacts inside a nucleus, particles produced at the vertex have to propagate through the dense nuclear medium, where many outgoing hadrons will re-interact (FSI). As we do not want to assume a model for these processes, we can only measure cross sections for a given post-FSI observable particle content, or topology, σ k :
where σ i is the contribution of true process category (mode) i to the final state topology k. For example, we cannot in general measure CCQE, all we can observe are events with a topology of a single charged lepton and no pions (CC0π). The CC0π topology could be further sub-divided, for example by the number of protons in the final states, CC0π+0p, CC0π+1p, and so on.
Clearly there is some disconnect between what we can measure, and what we want to know for oscillation experiments. Firstly, we cannot directly measure the cross section,
for the ith mode as is required for oscillation analyses, instead, we measure some topological cross section σ k ( y), which is averaged over the broad neutrino energy distribution of an experiment 5 Secondly, because the incoming neutrino energy is not known on an event by event basis, in general it is not possible to measure cross sections as a function of "interaction level" variables, like energy transfer or neutrino energy. Instead, measurements must be made as a function of outgoing particle kinematics y, such as p µ , cos θ µ , or some variable derived from a combination of them. Theorists and other users of neutrino scattering data (such as oscillation analyzers) want to compare and constrain their predictions for σ i (E ν , x) using measurements of σ k ( y). Because of the complexity of this comparison, a lot of data is required, ideally from different experiments with different neutrino fluxes.
B. Cross section extraction method
Cross section measurements typically use the same formula to extract the differential cross section in the ith bin of a true kinematic variable x, dσ/dx i :
where N j (B j ) is the number of selected (predicted background) events in reconstructed bin j, Φ ν is the total integrated flux, T is the number of target nuclei, ∆x i is the width of the true bin, i is the selection efficiency, and U The experiment's Monte Carlo simulation is used to calculate the efficiency of the detector response to the particle(s) in the interaction. In principle, efficiency corrections are only dependent on properties of the detector modeling, which is relatively well understood.
Selection
Somewhat obviously, the aim of selection cuts is to increase the proportion of signal events. Two important metrics are the selection efficiency, and purity:
A low efficiency selection is more susceptible to variations in the signal or background model, although the efficiency does not have to be high to make a measurement as long as it is well understood. A low purity selection is more susceptible to how background processes are modeled. In a real analysis, there is a trade-off between the efficiency and purity of a selection, and cuts are generally optimized by maximizing a figure of merit which combines the two, such as selection efficiency × purity.
For analyses when the purity is low, the model dependence of the background is critical, and additional background-enhanced "control" samples are used. Often, using the same language as collider physics, these are referred to as "sidebands", which comes from analyses where regions to the side of a peak in some variable could be used to effectively constrain the background under the peak. For neutrino cross section measurements, the same principle applies, a region distinct from the signal selection is selected, and used to constrain the background. However, it is not possible to cut on the variable of interest, so instead some selection cut is inverted. The background samples can then be used to constrain the backgrounds and reduce the modeling uncertainty.
Unfolding
Unfolding, or deconvolution, is the general term for removing the effect of a measuring device from a measurement [28] [29] [30] . In the context of Equation 3, this means taking a measurement in bins of reconstructed variable, j, and producing a result in bins of true variable, i, and is performed by U −1 ij , the pseudoinverse of the smearing matrix U ij , which describes the mapping between true and reconstructed bins. In the simplest case, one can simply invert the smearing matrix, but this often leads to large fluctuations in the data, as statistical uncertainty in the reconstructed space is blown up by the inversion [28] [29] [30] . This is because neighboring bins in true space have very similar responses in reconstructed space, and so a small fluctuation in reconstructed space can be fit with a large fluctuation of one true bin, with compensating changes in neighboring true bins to preserve the total normalization, giving the characteristic bin-to-bin anti-correlations. Various methods exist for regularizing, or smoothing, unfolded results, where the allowed solutions are restricted to those in which the result fits some prior expectation [28] [29] [30] . For example, we do not expect large fluctuations in the cross section on small scales, so smoothing out the large oscillations in the result may seem reasonable. The regularized unfolding matrix is therefore the pseudoinverse of the smearing matrix.
The most popular method used in the field is D'Agostini unfolding [31] , which has been characterized as an algorithm for maximum-likelihood estimation with early stop-ping [29, 30] 6 . When the algorithm converges, the result is equivalent to a matrix inversion in the Gaussian limit [29, 30] . Another popular approach to the unfolding problem is template likelihood fitting, where each true bin i has a template in the reconstructed bins j which describes the true to reconstructed smearing, essentially a single column of the matrix U ij .
By fitting the normalizations of these templates, and minimizing some goodness-of-fit statistic between the prediction in reconstructed space and the data in reconstructed space, the unsmeared data in true space is found [29, 30] . In the Gaussian limit, and with no regularization, this method is also functionally equivalent to matrix inversion, but naturally supports non-Gaussian statistics by using a Poisson-Likelihood as the goodness-of-fit statistic [29, 30] .
It is also easy to add additional regularization terms to the fit. This iterative forward folding technique is very robust for large problems because there is no need to invert a large matrix (which could even be singular). The prediction at each step of the fit is formed by folding the Monte Carlo prediction with the smearing matrix U ij , which can be easily calculated.
A third approach is to not unfold; this can be expressed (in comparison with Equation 3)
where the cross section result is in the reconstructed space, and a theoretical prediction can be smeared from the true to the reconstructed space with the smearing matrix U ij . Examples of results which have been presented in reconstructed space can be found in Refs. [32, 33] .
Systematic uncertainties
Flux, detector and cross section systematic uncertainties affect Equation 3 in various ways. Uncertainty on the detector response is typically determined by a combination of calibration samples (e.g, cosmic muons, electrons from pair production) in conjunction with standalone tests of the detector (e.g. measurement of response of the light detection system).
In addition, charged particle beam data using a similar or identical detector, can be used to validate the detector model or reduce detector uncertainties.
Often the limiting systematic uncertainty for cross section measurements are flux uncertainties. For a conventional neutrino beam, which focuses mesons produced in collisions between accelerated protons off of a target, the uncertainties on the resulting flux prediction are approximately 10%, due to dedicated hadron production experiments [34] [35] [36] [37] [38] [39] . In-situ constraints from measurements of processes with known cross sections can further reduce uncertainties on the flux prediction for neutrino cross section. Two primary methods have been used: neutrino-electron elastic scattering νe → νe, and the low-ν technique.
Neutrino-electron elastic scattering Neutrino-electron elastic scattering is a pure electroweak process, with a known cross section up to radiative corrections. For ν e , a charged-current contribution interferes with the neutral-current contribution that is equal for all flavors, and enhances the cross section by about a factor of 6. The signal is a single, forward electron and no other particles, subject to the the kinematic constraint for the two-body process
Backgrounds typically come from charged-current processes initiated by ν e at very low Q 2 ,
and from neutral-current π 0 production where a photon from π 0 → γγ is mistaken for an electron.
MINERvA demonstrated a technique for constraining the NuMI flux with a sample of 127 νe → νe candidate events, on an expected background of 30 and an estimated signal efficiency of 73% [40] . The uncertainty on the total flux was reduced to 6%. In principle, this technique is somewhat sensitive to the flux shape. However, the E e spectrum does not uniquely determine the neutrino flux energy distribution, and in practice very little improvement to the shape uncertainties is obtained, compared to the a priori prediction constrained by hadron production. Better shape resolution could be obtained by using the electron angular information in addition to E e and measuring the neutrino energy directly as in Equation 5 , but the feasibility of this has not been demonstrated for a realistic detector.
The Low-ν method The differential cross section for charged-current cross neutrino scattering as a function of the hadronic energy, ν, can be written as
where E is the neutrino energy, and the coefficients A, B, and C are integrals of structure functions. The cross section is independent of the neutrino energy when ν/E is small. This can be used to measure the relative shape of the neutrino flux in situ by selecting a sample of events ν below some fixed value ν 0 . This technique was first used by high energy experiments CCFR [41] and NuTeV [42] .
Extending the low-ν technique to lower neutrino energies is challenging [43] . If ν 0 is too large, the B and C terms in Equation 6 become significant and introduce modeling uncertainties. However, a very small ν 0 limits the statistical power of the sample. To use a low-ν flux constraint in a cross section measurement, it is also important that the ν < ν 0 sample does not overlap significantly with the signal. MINOS [44] and MINERvA [45] have dealt with these challenges by using different ν 0 cuts for different regions of neutrino energy.
Neutrino interaction model uncertainties and biases in measurements
In an ideal scenario, a neutrino cross section measurement should only depend on data and the detector response model, not the neutrino interaction model used by a particular experiment. We note some of the conditions where the dependence of the experiment's choice of signal or background model enters into cross section measurements, which can result in larger uncertainties on the measurement, or bias the result. We also suggest possible future approaches to mitigate or minimize these issues.
Treatment of backgrounds:
The metric of efficiency × purity is often used, which is equivalent to S/ (S + B) where S (B) is the number of signal (background) events. This is only optimal when the systematic uncertainty on the background can be neglected. This is appropriate for many applications in particle physics, such as peak finding with a background which has a well understood shape, but is not the case for medium-energy neutrino cross section measurements, where the background processes are generally not well understood.
The use of background enhanced control regions helps mitigate some of the dependence on the background model, although the extrapolation of the background constraint into the signal region still relies on the model. This model dependence can be mitigated by defining background control regions with similar underlying kinematics to the background in the signal region.
Efficiency and phase space: There are a number of ways that the efficiency can couple to the signal interaction model. The most obvious is when there are regions of phase space which have zero efficiency. For example, if you measure a cross section in terms of the outgoing muon kinematics, p µ , cos θ µ , but have no sensitivity to backward (cos θ µ < 0) events, reporting a single-differential dσ/dp µ cross section without restricting the cos θ µ range would add model dependence, as the efficiency correction would be correcting for missing events without any data at all to inform the backward region. This example serves to highlight a more subtle issue of regions of rapidly changing efficiency. Reporting a dσ/dp µ cross section using Equation 3 where the efficiency correction is integrated over any region in cos θ µ where the efficiency is not flat implicitly adds Monte Carlo bias, as it assumes that the relationship between different regions of cos θ µ for that p µ bin is correctly modeled.
This problem can be mitigated by restricting the phase space to regions of phase space with flat efficiencies, and can be avoided by extracting a two-dimensional d 2 σ/dp µ d cos θ µ cross section, and collapsing the cos θ µ axis. Unfortunately, restricting the measured region of phase space has the consequence of reducing the impact of the measurement.
Of course, the problem described above becomes more complicated when measuring cross sections with multiple particles in the final state as the efficiency will depend on all of the particles. It is, of course, not practical to calculate an N -dimensional cross section and collapse it on the desired axes, but the general problem needs to be treated with care, and can be mitigated by adding additional dimensions to the cross section extraction method, restricting the measurement to regions of particle kinematics where the efficiency is flat, or by ensuring that the cross section measurement would not be significantly changed by making large distortions to the signal model.
Unfolding: All regularization methods add some bias, as unfolding algorithms move away from solutions which are contrary to our expectation. Various methods exist to tune the strength of the regularization (e.g., to what extent the unfolding algorithm is allowed to bias the result), which try to balance the bias in the result with the variance in each bin (known as the bias-variance trade-off). It should be noted that methods for optimizing the regularization strength are generally designed to give the best estimate of the central values, and are not guaranteed to give good coverage, which may lead to underestimated errors for regularized, unfolded, results [28] [29] [30] . We note also that unfolding results necessarily makes all bins strongly correlated, so bias tests can be extremely misleading if only the bin-by-bin bias is investigated. It is necessary to check for biases in the χ 2 produced with the full output covariance matrix, or some other goodness-of-fit metric.
In the widely used D'Agostini method [31] , each iteration of the algorithm reduces the bias towards the input Monte Carlo simulation, and increase the size of the variance in each bin. The main problem for the D'Agostini method is that the stopping criterion is generally set by Monte Carlo studies of the potential bias. If the simulations used for those studies are substantially wrong, it is likely that the result is strongly affected by the bias towards the input Monte Carlo, in a way which cannot be adequately assessed after the fact.
This problem is likely to be particularly bad for a small number (< 10) of iterations of the algorithm, which are typical in the field. We note that version of the D'Agostini method often does not include the updates described in Ref. [46] , which includes a simultaneous unfolding of signal and background, and may partially mitigate the pathologies of the original method.
The advantage to unfolding is simply to allow different results to be presented in the same way, and directly compared, although in general, this is not possible for our purposes because different experiments publish results averaged over different fluxes (Φ ν in Equation 3 ).
Regularization is simply helpful for guiding the eye, as it is produces smoother results with reduced correlations. This is useful to understand if the data agrees with a particular model at a coarse level. However, as many of the data sets produced are highly correlated, additional goodness-of-fit tests are desirable where the smoother results do not add any benefit.
Problems have been found attempting to fit to existing unfolded (and regularized) data [47] .
Indeed, it has been argued that it is always better to smear theory to match data, as in Equation 4, rather than trying to unsmear data to match theory [48] .
Looking to the future, where underlying cross section parameters will need to be constrained with a large number of datasets, it would be ideal for to have both types of results available, where unregularized results are available if a regularization method has been employed for the main result, and folded results are made available if unfolding is used.
III. QUASI-ELASTIC AND QUASI-ELASTIC-LIKE SCATTERING (0π)
Charged-current scattering with no final-state pions (CC0π) is the dominant interaction channel for neutrino energies below 1 GeV (see Figure 1) , and is an important contribution to the signal for oscillation experiments in the few GeV regime. In neutrino-nucleus scattering, CC0π includes processes with any number of final-state nucleons, but no mesons or photons.
In the absence of nuclear effects, it is a clean reaction known as charged-current quasi-elastic (CCQE) scattering:
where lepton flavor l = e, µ, τ .
The free nucleon CCQE cross section can be calculated from electroweak theory in terms of nucleon form factors, in the Llewellyn-Smith formalism [49] . Where the nucleon form factors are constrained by data from electron-nucleon scattering, pion electroproduction, and neutrino-deuterium scattering [50] . In measurements of ν µ n → µ − p by deuterium bubble chambers, the muon and proton are both observed, as well as the spectator proton (not involved in the initial interaction) in a subset of events [51, 52] . The data are in reasonable agreement with a dipole axial form factor and axial mass M A ∼ 1 GeV, however, new efforts rooted in lattice QCD are revisiting whether or not a dipole approximation is sufficient for the uncertainties [53] .
Historically, the most common neutrino interaction simulation packages ("event generators") GENIE [54] , NEUT [55] , and NUANCE [56] , extended the Llewellyn-Smith formula to larger nuclei with the relativistic Fermi Gas (RFG) model, which treats nucleons as quasi-free with Fermi momentum, in the mean field of the nucleus [57] , where the nuclear parameters are tuned to electron-scattering data [58] . However, recent data do not agree with this prediction; fits to M A assuming the RFG model with a dipole axial form factor on heavy targets suggest a larger cross section than what is expected based on deuterium data [59] [60] [61] [62] .
For a target nucleon at rest, the neutrino energy, E ν , and four-momentum transfer, Q 2 , can be calculated from the kinematics of the outgoing lepton, assuming a nuclear binding energy E b :
,
where MeV. The signal definition includes all processes which have no final-state pions [64, 65] .
The detector has no sensitivity to final-state protons due to the high Cherenkov threshold.
MINERvA is sensitive to final-state protons, and has published cross sections with respect to dσ/dQ 2 QE as measured from both the muon and proton side 7 with a peak neutrino energy of 3.5 GeV [66] [67] [68] 70] . The muon-side measurement for both neutrinos and antineutrinos is corrected to CCQE, using the GENIE version 2.6.2 model, tuned to control samples, to subtract non-QE backgrounds. The version of GENIE used did not include any npnh processes. To mitigate this, the region around the interaction vertex, where additional proton energy would be expected in these events, is deliberately excluded from the analysis, 7 Q 2 QE is reconstructed from the proton kinematics with includes CCQE-like processes, and requires at least one proton with momentum greater than 450 MeV to exclude the region below the proton tracking threshold. Also shown in Fig. 2 
is
MINERvA's measurement of CC0π for ν e , using the roughly 1% beam "contamination" in the mostly-ν µ configuration [69] . The MINERvA result is in agreement with reference model and lepton universality, but lacks the precision to test potential unsimulated cross section differences, such as those proposed in [71] . The data are in reasonable agreement with the reference GENIE model. MiniBooNE observes a larger suppression at very low Q 2 QE than is predicted by the reference GENIE model, and an enhancement at moderate Q 2 QE . There is some tension in the shape between MINERvA and MiniBooNE. Double differential cross sections for CC0π with respect to muon energy and angle, dFIG. 3 . The T2K CC0π double-differential cross section dσ/dp µ d cos θ µ is shown as a function of p µ in angular bins, as a fractional difference between the published data and the reference GENIE model, produced using NUISANCE [63] . The data used are taken from Ref. [72] . tum relative to the incident beam [74] . This is experimentally less model dependent than measuring dσ/dQ 2 QE . Detector acceptance typically depends strongly on muon kinematics, with experiments having minimum muon energies, maximum muon angles, or both. Since differential cross section measurements integrate over neutrino energy, a given bin of Q 2 QE contains events at a wide range of muon energy and angle. Ratios to the reference model of d 2 σ/dT µ d cos θ µ for CC0π ν µ -C 8 H 8 interactions, measured by T2K are shown in Fig. 3 as a function of p µ in selected bins of cos θ µ . The T2K data are from the ND280 off-axis near detector, with peak neutrino energy of 0.6 GeV. A deficit is observed with respect to the reference GENIE model in the most forward angular bins, especially at low muon momentum. The data agree with the reference model for backward and high-angle muons.
MINERvA has also made a double-differential measurement with respect to energy and three-momentum transfer, dσ/dE avail dq 3 , for charged-current (inclusive) reactions [76] .
While this is not explicitly CC0π, it covers a region of three-momentum transfer (q 3 ≤ 0.8 GeV) dominated by CC0π and CC1π. The quantity E avail is defined as the sum over kinetic energy of all protons and π ± , and total energy of all photons and π 0 . It is essentially the observable hadronic energy in the detector, and serves as a proxy for true energy transfer [54, 55, 75] , produced using NUISANCE [63] . The data is taken from Ref. [76] . q 0 = E ν − E µ while avoiding model dependence that would be introduced by correcting for unobserved hadronic energy, for example from neutrons. The reconstruction of q 3 introduces some model dependence by correcting to true neutrino energy, including unobserved hadrons. The data are compared with four different models in Figure 4 : GENIE version 2.8.6
and the reference GENIE version 2.12.8 model, NEUT v5.4.0 [55] , and NuWro v11q [75] .
The different panels in Figure 4 show different slices of q 3 . At fixed q 3 , quasi-elastic (1p1h) events appear at low E avail , with resonance pion production at high E avail . Multi-nucleon processes fill in the "dip" region between the QE and ∆ peaks. The data disfavor GENIE 2.8.6, which lacks any npnh simulation. The data are well described by the reference GENIE model, although an excess is observed at very low E avail .
Additional measurements are also important for a complete picture of CCQE-like scattering. A new analysis on MiniBooNE uses a kaon decay at rest beam to provide information from a mono-energetic beam [77] . This provides a unique case of known energy transfer in neutrino interactions, which will provide new constraints on models. Neutral current elastic (NCE) scattering, ν(n, p) → ν(n, p), is sensitive to the strange quark contribution to the nucleus and may be used as a signal sample in searches for oscillations to sterile neutrinos. The only observable particles in the final state are protons and neutrons. The signal is typically a single proton track. In addition to backgrounds from charged-current processes, experiments face an additional challenge from neutrons produced outside the detector, which knock out protons inside the detector. The NCE differential cross section dσ/dQ 2 was measured at BNL [78] , and more recently by MiniBooNE [79, 80] , who also published ratios of NCE to CCQE.
IV. SINGLE PION PRODUCTION
With sufficiently large energy transfer to the struck nucleon, a nucleon resonance is produced, which typically decays to produce a proton or neutron, and either a charged or neutral pion. Resonances can also decay to produce multi-pion final states, photons, or other mesons. The latter cases are discussed in Section V. Resonant production is the dominant single pion production process in the 0.1-10 GeV energy range of interest for neutrino scattering experiments. However, non-resonant processes also produce single pion final states, which can either come from non-resonant interactions with the whole nucleon, or at higher energy transfers, soft-DIS processes where the interaction is with a constituent quark, and the subsequent hadronization yields a single pion. Modeling the transition between non-resonant nucleon-level and quark-level interactions is a significant challenge for the community.
As is familiar from the discussion of CCQE/CC0π in Section III, the relationship between the experimental and theoretical definitions of single pion production is complicated by FSI.
Multi-pion or soft-DIS interactions can contribute events where only a single pion escapes the nucleus. Additionally, FSI may modify the outgoing pion charge, momentum and direction for interactions for which a single pion was produced at the vertex. Indeed, some such events will enter the CC0π signal if the pion is absorbed, as has been discussed previously. Due to the complications of FSI, and the number of interaction processes which can contribute to single final-state pion production in an experiment, it is very challenging to use single final-state pion production data to constrain theoretical model parameters without use of a Monte Carlo event generator. It is also challenging to attribute disagreement with data to any specific model deficiency.
Other datasets can provide constraints on the single pion production model outlined above. Much use is made of the rather limited set of ν µ -deuterium bubble chamber data from the 1970s and 1980s [81] [82] [83] [84] to test and tune models of single pion production at the vertex. Although a long-standing discrepancy between some of these datasets appears to have recently been resolved [85] , the low-statistics involved mean that these datasets can only constrain model parameters at the ∼5-10% level [86] . Additionally, it is not clear that FSI effects can be safely neglected for deuterium [87] . A large body of pion-nucleus and nucleon-nucleus scattering measurements are used to constrain the absorption, inelastic, elastic and charge exchange interaction probabilities which underpin models of FSI, although a model is required to relate the scattering of external particles on ground-state nuclei to intra-nuclear scattering within an excited nuclear remnant [88] . Again, the datasets used including correlations between all data points [90] .
In order to satisfy the stringent error budgets of future neutrino oscillation experiments [91, 92] , it is necessary both to have a theoretical model which adequately describes single pion production in neutrino-nucleus scattering, and which has smaller uncertainties than can be obtained by tuning the aspects of the model to the independent datasets outlined above. Therefore, it is important that we have a model which consistently describes all of the currently available neutrino-nucleus scattering data, and that we have sufficient data to constrain the model. This discussion will occupy much of the remainder of this section.
A. Resonance pion production
In recent years, many new high-statistics neutrino-nucleus single pion production datasets on medium mass targets (hydrocarbon and water) differential in a number of variables have become available from the MiniBooNE [93] [94] [95] , MINERνA [96] [97] [98] and T2K [99] experiments. Additionally, the first measurements of neutrino-argon single pion production have Figures 5 and 6 are shape-only, as each experiment has a large normalization uncertainty due to uncertainty in the neutrino flux. We can see from Figure 5 that there is broad agreement between the reference model and various datasets in terms of the momentum of the outgoing muon, p µ ; and we can see from Figure 6 that the same agreement is not seen in terms of the momentum of the outgoing pion, p π . However, it is interesting that the deviations in terms of pion kinematics appears to be relatively consistent across experiments, and between CC1π + , CC1π with similarly consistent structure at higher p π . While NC measurements are limited to NCπ 0 only, CCπ + and NCπ 0 are similar in shape-only comparisons. When normalizations are included, CC and NC are less consistent.
B. Coherent pion production
At very low energy transfer, neutrinos can interact inelastically with the entire nucleus in a coherent manner, producing either a charged or neutral pion, but leaving the nucleus intact and in its ground state. Coherent pion production is of particular interest to neutrino oscillation experiments because NC coherent interactions produce a π 0 , and are a background to
e -appearance measurements with a large uncertainty. CC production, with minimal recoil of the nucleus, provides an interesting handle on neutrino energy for oscillation experiments, but such analyses suffer from significant resonant background contributions. Various historical measurements of coherent pion production exist for both CC and NC processes on a number of targets at neutrino energies E ν > 2 GeV, which are reviewed in Refs. [1, 102, 103 ], but at low neutrino energies (E ν < 2 GeV), results presented a confusing picture. Measurements of NC coherent π 0 with average neutrino energies of ∼1 GeV were reported [104, 105] , but measurements of CC coherent pion production found no evidence [106] [107] [108] . Furthermore, the apparent difference between NC and CC coherent pion production conflicted with the available theoretical models [109] .
However, recent MINERvA [110, 111] and T2K [112] measurements of CC coherent pion production for ν ( -) µ -12 C at low energies observe coherent production, which disagrees with the previous null results. The high-statistics MINERvA dataset is of particular interest as the results are presented as single differential cross sections as a function of the outgoing pion momentum, angle with respect to the incoming neutrino beam, and the neutrino energy [110] . Additionally, a recent measurement of NC ν µ -56 Fe coherent pion production has been produced by the MINOS collaboration [113] , and the first measurements of CC
Ar coherent pion production have been presented by ArgoNeuT [114] . These results are important to test how the coherent pion production cross section scales between nuclei, but both the MINOS and ArgoNeuT results have average neutrino energies of ∼5 GeV or greater.
Diffractive pion production is a similar process to coherent pion production where the interaction is with a free proton, and the proton remains in an unexcited state. The first experimental evidence for NC diffractive π 0 production has recently been presented by the MINERvA collaboration [115] . As with coherent pion production, NC diffractive π 0 production constitutes a background for ν ( -) e -appearance measurements in experiments with a hydrogen component. The potential problem is highlighted by the fact that the MINERvA diffractive sample was isolated after anomalies were found during the analysis of ν e events [69] . Currently, diffractive pion production is only modeled theoretically for invariant masses W ≥ 2 GeV [116] , so the potential size of the effect in 0.1 ≤ E ν ≤ 10 GeV oscillation experiments is not under control.
V. RARE PROCESSES
As described in Section I, charged kaon production by neutrinos is a background in searches for the proton decay channel p → K + ν. The most stringent limits on p → K + ν come from SK, where the largest background is from neutral-current K + by atmospheric neutrinos where no final-state particles are above Cherenkov threshold [22] . Recently, differential cross sections for CC and NC K + production have been measured by MINERvA [117, 118] .
The MINERvA data for NC K + is the first high-statistics test of the cross section models employed by experiments.
In charged-current reactions, there are also Cabibbo-suppressed processes with a single exotic (anti)quark in the final state, for example ν µ p → µ − K + n orν µ p → µ + Λ. These events have been seen in bubble chambers but exclusive cross sections have not been measured with high statistics. Cabibbo-suppressed CCQEν µ p → µ + Λ could be a few percent of the total CCQE cross section for antineutrino scattering, with no neutrino analogue. MINERvA observed the first evidence for the Cabibbo-suppressed charged-current coherent K + production at 3σ significance [119] .
VI. INCLUSIVE SCATTERING, OTHER NOTABLE PROCESSES
Charged-current inclusive scattering, to which all processes which produce a charged lepton at the vertex contribute, has the simplest experimental definition. It is used as the signal for neutrino oscillation experiments which have peak beam energies over ∼1 GeV, which are not dominated by CCQE. Because of this, the energy cannot be reconstructed using only the outgoing lepton information, as in Equation 8 , but instead has to use both leptonic and hadronic information
where E l is the energy of the outgoing lepton, and E had is the reconstructed hadronic energy.
In a perfect detector, the reconstructed hadronic energy would be the sum of the kinetic energy of nucleons, and the total energy of all other outgoing particles. This would result in accurate neutrino energy reconstruction, assuming that nucleons are not produced through hadronization, and neglecting initial state binding and Fermi motion effects. In a realistic detector, neutron reconstruction is typically so poor that they can be neglected, and many particles will not be sufficiently energetic to identify individually. Model dependent corrections are therefore used to correct for the missing energy due to neutrons, and to estimate average multiplicities for particles which could not be reconstructed, but which still deposit energy in the detector.
Theoretically, CC-inclusive processes can seem easier to model than exclusive processes.
Theorists are used to inclusive electron scattering measurements, where only the outgoing lepton kinematics are detected. Inclusive neutrino scattering cross section measurements differential in the outgoing charged lepton kinematics are very similar, and allow the hadronic state to be integrated over, thus avoiding the issues of FSI which make it difficult to predict exclusive final states such as CC0π or CC1π. However, for neutrino oscillation experiments, the relative energy fraction lost to neutrons, and the average pion and proton multiplicities are very important for the reconstruction method outlined in Equation 9. Unfortunately, the task of producing a CC-inclusive model suitable for neutrino oscillation experiments is significantly more challenging than for much of the electron-scattering data, and does not sidestep the issue of FSI.
As well as the CC0π and CC single pion production channels, multi-pion and heavy meson production processes contribute to the CC-inclusive cross section (for example, the rare processes described in Section V). These additional processes are at predominantly DIS at larger invariant masses, where the interaction is with a constituent quark within the nucleon, rather than with the nucleon itself. Although DIS is well defined theoretically, and is the dominant interaction for E ν ≥ 3 GeV, it is not a well-defined topology, so cannot easily be selected experimentally. For example, DIS can produce a single pion and no other mesons in the final state, and thus is indistinguishable from resonant pion production, and conversely, it is possible for a nucleon resonance to decay to produce multiple pions. Hadronization models for DIS are tuned to high energy neutrino scattering data, and are not valid for low invariant masses [120] . This is readily understandable, as the hadronization models are only valid for neutrino-quark interactions. Unfortunately, the transition region between neutrino-nucleon and neutrino-quark interactions is not well understood, and neutrino interaction generators typically extrapolate both models outside the regions where they are expected to be valid, and blend the two in an unphysical way to predict the cross section. A significant number of events for current and future neutrino oscillation experiments will lie in this transition region, so inclusive data, which can be used to improve and validate models for this region is very important. There are a number of issues which make it more challenging to measure an inclusive cross section than exclusive channels like CC0π or single pion production. Typically, events with more final state particles are more difficult to reconstruct and enter the selection with a lower efficiency, which may also depend on the kinematics of those final state particles.
This can lead to the implicit input Monto Carlo bias outlined in Section II B 4. It also makes it challenging to measure a cross section differential in the number of final state particles with modern experiments. The limited data that exists on track multiplicity all comes from old bubble chamber experiments. Older measurements typically give results as a function of neutrino energy [120] [121] [122] , but recent measurements have mostly been made differential in muon kinematics [123] [124] [125] [126] , or as single bin measurements [127, 128] . Recent exceptions have been from the MINERvA experiment which have attempted to reconstruct interactionlevel kinematics in various ways [32, 76, 129, 130] . One such example is a series of heavy target ratios, as a function of reconstructed Bjorken x [32] , which is reconstructed using reconstructed E µ , θ µ and ν:
, where M N is the average of the proton and neutron masses. Comparisons with the reference GENIE model are shown in Figure 7 , from which it is clear that there are discrepancies at both high and low x, which increase with the size of nuclear target used in the numerator. However, in making the comparison to data using the reference GENIE model, the smearing matrix published by MINERvA to relate reconstructed x with true x was used. That matrix was created using an earlier version of GENIE (v2.6.2), which may add model dependence to the smearing matrix through the relationship between reconstructed and true energy transfer.
FIG. 7. Predictions for the flux-averaged CC-inclusive heavy target ratio measurements from
MINERvA as a function of reconstructed Bjorken x are produced using the reference GENIE model and NUISANCE [63] . The fractional difference between the published data and the reference GENIE model is shown for the published rations. The data used are taken from Ref. [32] . Smearing matrices which relate true x and x as reconstructed by the MINERvA detector are also provided in the data used, and are used in NUISANCE to fold detector effects into the GENIE prediction and make an appropriate comparison with data.
VII. FUTURE EXPERIMENT POSSIBILITIES
In the next five years, the current generation of neutrino scattering experiments (T2K, 
VIII. SUMMARY
Neutrino interactions play a critical role in neutrino oscillation experiments, which has motivated an extensive experimental program to measure neutrino scattering cross sections.
Recent theoretical improvements over a number of years have produced CC0π models which show broad qualitative agreement with data, but more effort is needed to understand regions of disagreements between models and experiments, especially in the forward scattering region. There has been less theoretical work on single pion production, and there is considerable tension between neutrino-nucleus scattering data and theoretical predictions, particularly for the outgoing pion kinematics. That said, the discrepancies with data appear to be reasonably consistent between charged and neutral current and between charged and neutral pions. Less data exists for inclusive measurements, particularly at the energies most relevant for NOvA and DUNE, who use CC-inclusive events as the signal for oscillation measurements. Modeling the transition region between resonant pion production, and DIS interactions with a quark inside the nucleus is a significant theoretical challenge for the future, and there are fewer recent datasets which are appropriate for tuning models of this higher invariant mass region.
Other critical neutrino scattering issues for oscillation experiments are the lack of ν ( -) e cross section measurements, so models tuned with ν ( -) µ data must rely on theoretical arguments to relate the two (vital for appearance measurements). Similarly, most of the current measurements are taken on hydrocarbon or water targets, a critical problem for the short baseline and DUNE oscillation programs, which use argon targets. There is an exciting future program of neutrino scattering to address many of these issues, with a host of new technologies and techniques being used. In particular, many new results are anticipated which will probe QE-like interactions in detail, measurements on 40 Ar targets, neutrons, or which use novel projections of existing data sets.
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QE:
The QE model is a Local Fermi Gas (LFG), with momentum distributions based on Nieves et. al [141] and uses an axial mass of M QE A = 1.05 GeV. This model includes the Relativistic Phase Approximation (RPA) and Coulomb effects for the outgoing muon.
Nuclear model: For all processes other than QE, the Bodek-Ritchie model [142] is used to to describe the initial state nucleon momentum distribution.
2p2h: A consistent model with QE is used for multi-nucleon processes [143, 144] , the GENIE implementation for which is described in Ref. [145] .
1π: The resonant model is based on the Rein-Sehgal model [146, 147] , which has been updated to include lepton mass corrections to the phase space limits (although not the cross section calculation itself). Details of the GENIE resonant model can be found in Refs. [54, 86] . The coherent model is based on Berger-Seghal [148] in the configuration used in this work.
Transition region and DIS: The Bodek-Yang [149] model is used to model the DIS cross section, with hadronization described by the AKGY model [150] . These models also provide the non-resonant background under the resonant region for W ≥ 1.7 GeV.
FSI model: Final state interactions are described by a custom GENIE model, tuned to hadron-scattering data, where a single interaction is used to approximate cascade model behavior [54] is applied to all processes.
